Twenty-three isolates of the two genera Pasteurella (P.) and Mannheimia (M.) were analysed for the presence of genes specifying resistance to sulfonamides, streptomycin, and chloramphenicol. Specific PCR assays for the detection of the genes sulII, strA and catAIII, but also for the confirmation of their physical linkage were developed. A resistance gene cluster consisting of all three genes and characterised by a PCR amplicon of 2.2 kb was detected on four different types of plasmids and also in the chromosomal DNA of seven isolates. Physically linked sulII and strA genes were detected on three different types of plasmids and in the chromosomal DNA of three isolates. Sequence analysis of the different PCR amplicons revealed that these genes were present in either the orientation sulII-strA separated by differently sized spacer sequences, or strA-sulII. A truncated strA gene preceding a sulII gene was also detected in two cases. ß
Introduction
Organisms of the genera Pasteurella and Mannheimia are involved in a variety of economically important infections in food-producing animals. Pasteurella (P.) multocida isolates play an important role worldwide as causative pathogens of primary pasteurelloses such as haemorrhagic septicaemia of cattle, fowl cholera and snu¥es in rabbits, but also play a role in enzootic bronchopneumonia and atrophic rhinitis in swine as well as pneumonia in cattle, goats and sheep. Isolates of the genus Mannheimia which were formerly assigned to the trehalose-negative Pasteurella haemolytica complex are mainly involved in secondary pasteurelloses such as pneumonia in ruminants [1] . Pasteurella aerogenes is considered a commensal of the intestinal £ora of swine, but has also been isolated in connection with cases of abortion in dogs, rabbits and even humans [1] . Antimicrobial agents are commonly applied to control infections in which Pasteurella and Mannheimia isolates are involved [1, 2] . Recent data from national monitoring programmes, but also from studies conducted in Germany showed critical levels of resistance, particularly to older antimicrobials [1, 3, 4] . Due to their comparatively low costs, drugs such as sulfonamides, streptomycin and tetracyclines have been used in considerable amounts in veterinary medicine [5] . High incidences of resistance to sulfonamides and streptomycin were recorded in Pasteurella and Mannheimia isolates of bovine and porcine origin [1, 3, 4] with up to 100% of the isolates being resistant to these antimicrobials. While tetracycline resistance of Pasteurella and Mannheimia isolates has been studied in detail during recent years [6^9], the current knowledge of the molecular basis and the transferability of resistance to sulfonamides and streptomycin, but also of resistance to other antimicrobials, such as chloramphenicol, are limited [1] .
In the present study, we developed PCR-directed systems for a fast and reliable detection of the genes sulII, strA and catAIII, conferring resistance to sulfonamides, streptomycin and chloramphenicol, respectively. Moreover, di¡erent combinations of the PCR primers were also tested for their suitability to con¢rm the physical link-age of these resistance genes and to determine the orientation in which they are arranged. The identi¢cation of resistance gene clusters consisting of either the genes sulII, strA and catAIII or sulII and strA was attempted to provide an explanation for (a) the simultaneous occurrence of these resistance properties in di¡erent Pasteurella and Mannheimia isolates and (b) the persistence of the resistance gene catAIII without direct selective pressure.
Materials and methods

Bacterial isolates and antimicrobial resistance testing
A total of 17 Pasteurella isolates (four P. multocida and 13 P. aerogenes) and six Mannheimia isolates (four Mannheimia haemolytica, one Mannheimia varigena, and one Mannheimia unnamed taxon 10) obtained between 1997 and 2000 in Northern Germany from epidemiologically unrelated cattle and swine were included in this study. While the Mannheimia and P. multocida isolates were from cases of respiratory diseases, all P. aerogenes isolates were from faecal swabs of pigs su¡ering from diarrhoea. Recent antimicrobial treatment history of the animals from which the isolates were recovered, was not available. The determination of antimicrobial resistance patterns was performed by the agar di¡usion method [10] with disks (Becton-Dickinson, Heidelberg, Germany) charged with either sulfamethoxazole (23.75 Wg), streptomycin (10 Wg), or chloramphenicol (30 Wg). The macrobroth dilution method [10] using serial twofold dilution steps served for the determination of MIC values for sulfamethoxazole (test range 128^2048 Wg ml 31 ), streptomycin (4^256 Wg ml 31 ) and chloramphenicol (4^256 Wg ml 31 ). Evaluation of the zones of growth inhibition and MIC values followed the NCCLS guidelines [10] . The original Pasteurella and Mannheimia isolates and their Escherichia coli transformants were also tested for resistance to ampicillin (10 Wg), gentamicin (10 Wg), kanamycin (30 Wg), tetracycline (30 Wg), or trimethoprim (5 Wg) by disk di¡usion to determine whether the resistance plasmids identi¢ed in this study mediate further resistance properties.
DNA manipulations
Plasmids were prepared by a previously described modi¢cation of the alkaline lysis procedure [8] and subsequently puri¢ed by a¤nity chromatography on Qiagen Midi columns (Qiagen, Hilden, Germany). Plasmids were transformed into E. coli JM107 and E. coli C600 by the CaCl 2 method [8] and transformants were selected on Luria^Bertani agar supplemented with 20 Wg chloramphenicol ml 31 , 500 Wg sulfamethoxazole ml 31 or 30 Wg streptomycin ml 31 . Restriction mapping of the resistance plasmids was performed as described earlier [8] . Whole cell DNA was prepared according to a protocol suitable for the preparation of whole cell DNA from Salmonella spp. [11] .
PCR assays were developed for the speci¢c detection of the genes sulII, catAIII, and strA. The following primers were used : sul1 (5P-ACAGTTTCTCCGATGGAGGCC-3P), sul2 (5P-CTCGTGTGTGCGGATGAAGTC-3P), str1 (5P-TGACTGGTTGCCTGTCAGAGG-3P), str2 (5P-CC-AGTTGTCTTCGGCGTTAGCA-3P), cat1 (5P-ACCATG-TGGTTTTAGCTTAACA-3P), and cat2 (5P-GCAATAA-CAGTCTATCCCCTTC-3P). PCR was performed in a volume of 50 Wl which contained approximately 50 ng of plasmid or whole cell DNA, 1 U Pfu polymerase (Stratagene, Amsterdam, The Netherlands), 2 mM (each) dATP, dCTP, dGTP, and dTTP as well as 10 Wl of 10-fold Pfu bu¡er (Stratagene) and 20 pmol (each) of the two primers. The cycling programme consisted of an initial denaturation for 2 min at 94³C, followed by 30 cycles each consisting of 1 min at 94³C, 1 min primer annealing at 64³C (sulII, strA) or 56³C (catAIII), and 1 min at 72³C, followed by a ¢nal primer extension step of 7 min at 72³C. Ten microlitres of each undigested as well as MunI-digested (sulII), SacI-digested (strA) and BclI-digested (cat-AIII) ampli¢cation product were electrophoretically separated in 1.5% (w/v) agarose gels with the 1-kb ladder (Gibco BRL) as size standard. PCR analysis to con¢rm the linkage of the resistance genes was performed with primer pairs sul1^str2 as well as str1^sul2. For this, the PCR conditions followed exactly those described for sulII and strA. The PCR products obtained with primers sul1ŝ tr2 were digested with SacI and PstI and those obtained with primers str1^sul2 were cleaved with MunI. One representative of each di¡erent type of amplicon was cloned into pCR BluntII TOPO 0 (Invitrogen) and sequenced (MWG-Biotech, Ebersberg, Germany).
The three PCR amplicons speci¢c for the genes sulII, strA and catAIII obtained from the completely sequenced plasmid pMHSCS1 of our plasmid collection (database accession No. AJ249249) were cloned into pCR BluntII TOPO 0 (Invitrogen, Groningen, The Netherlands), sequenced and subsequently used as gene probes to detect the corresponding genes in hybridisation experiments. Southern blot hybridisation of plasmid pro¢les was performed to con¢rm the plasmid location and^in those cases where no transformants were obtained^to exclude the presence of sulII-, strA-or catAIII-carrying plasmids which might be unable to replicate in E. coli hosts. Labelling of the gene probes with the non-radioactive enhanced chemiluminescence system (ECL, Amersham-Pharmacia Biotech, Freiburg, Germany) and hybridisation conditions followed previously described protocols [12] .
Whole cell DNA for pulsed-¢eld gel electrophoresis experiments was prepared as previously described [8] . Slices of the DNA containing agarose plugs were incubated for 4 h in the presence of 20 U of SmaI (Boehringer, Mannheim, Germany). The resulting DNA fragments were separated by agarose gel electrophoresis (SeaKem GTG, 1% w/v, Biozym, Hess. Oldendorf, Germany) in a CHEF DR III system (Bio-Rad, Munich, Germany) at 15 V cm 31 with 0.5UTBE as running bu¡er. The pulse times were increased from 2 s to 5 s during 24 h. The chromosomal SmaI fragments of Staphylococcus aureus NCTC 8325 [13] served as size standard. The gel was stained with ethidium bromide (2 Wg ml 31 , Sigma) for 15 min, destained in distilled water for 15 min and photographed under UV illumination.
Results and discussion
3.1. Antimicrobial resistance testing and PCR-directed identi¢cation of genes specifying resistance to sulfonamides, streptomycin or chloramphenicol
All 23 isolates used in this study proved to be resistant to sulfamethoxazole with MICs of v512 Wg ml 31 and to streptomycin with MICs of v128 Wg ml 31 . Thirteen of the 23 isolates were resistant to chloramphenicol with MICs of v64 Wg ml 31 (Table 1) . PCR assays were developed for the speci¢c detection of the genes sulII, strA and catAIII known to be present in Pasteurellaceae [14^17]. The previously sequenced plasmid pMHSCS1 which harbours all three resistance genes served as a control to ensure the speci¢city of the PCR analysis. The pMHSCS1-derived amplicons were 473 bp (catAIII), 646 bp (strA) and 704 bp (sulII) (Fig. 1a) . Comparisons of the nucleotide sequences of these amplicons showed that the sulII and the strA amplicon corresponded exactly to the respective segments of the sulII and the strA gene of RSF1010 [18] while the catAIII amplicon was identical to the corresponding catA-III sequence of R387 [19] . The presence of the genes sulII, strA and catAIII in the 24 isolates was initially investigated by PCR analysis of whole cell DNA. As soon as resistance plasmids were identi¢ed, DNA of these plasmids prepared from the corresponding E. coli hosts was also analysed for the presence of the three resistance genes.
Plasmid-borne and chromosomal resistance to sulfonamides, streptomycin and chloramphenicol
Four isolates, P. multocida U-B447, P. aerogenes B551, M. haemolytica U-B386 and M. varigena P677, were plasmid-free. Transformation of the plasmids present in the remaining isolates into the E. coli recipient strains JM107 and C600 and subsequent selection of the transformants on plates containing inhibitory concentrations of either sulfonamides (Sul), streptomycin (Str) or chloramphenicol (Cm) led to the identi¢cation of four di¡erent types of plasmids which mediate resistance to sulfamethoxazole, streptomycin and chloramphenicol. These plasmids ranged in size between ca. 5.0 and 6.1 kb (Fig. 2a) . Sul R Cm R Str R plasmids of the type pMHSCS1 were found in single isolates of Mannheimia unnamed taxon 10 and P. aerogenes, while those of the type pPASCS1 were present in two unrelated P. aerogenes isolates ( Table 1) . The remaining two Sul R Cm R Str R plasmids pPASCS2 and pPASCS3 were detected in single P. aerogenes isolates (Table 1) . Moreover, three di¡erent types of plasmids varying in size between 4.2 and 5.5 kb and conferring resistance to only sulfamethoxazole and streptomycin were detected (Fig. 2b) . These plasmids, designated pPMSS1, pPASS1 and pPASS2, were mapped with restriction endonucleases and compared to one another and to other plasmids from Pasteurellaceae known to mediate these resistance properties (Fig. 2b) . Sul R Str R plasmids of the type pPMSS1 were detected in single M. haemolytica and P. aerogenes isolates and in three P. multocida isolates which di¡ered distinctly on the basis of their SmaI macrorestriction patterns. The remaining plasmid types were present only in single isolates of P. aerogenes (Table 1) . PCR analysis with plasmid DNA isolated from the E. coli transformants con¢rmed that either the genes sulII, strA and catAIII or only the genes sulII and strA were located on the resistance plasmids shown in Table 1 . Resistance testing of the transformants showed that the resistance plasmids identi¢ed in this study mediated the resistance properties listed in Table 1 . Hybridisation experiments con¢rmed the results of transformation experiments and PCR analysis. Positive PCR results when using whole cell DNA in combination with negative results of repeated transformation experiments and negative results from hybridisation experiments using plasmid DNA strongly suggested a chromosomal location of the respective resistance genes in the remaining 10 isolates.
PCR-based identi¢cation of the physical linkage of the resistance genes
Plasmid pMHSCS1 carried a resistance gene cluster in which the genes were arranged in the orientation sulIIcatAIII-strA (Fig. 2a) . PCR analysis of pMHSCS1 using the primer pair sul1^str2 resulted in an amplicon of 2231 bp. As assumed from restriction mapping (Fig. 2a) , all other Sul R Cm R Str R plasmids carried the three genes in the same orientation and also revealed the presence of an amplicon of ca. 2.2 kb when using primers sul1^str2 (Fig. 1b, Table 1 ). PCR analysis of P. aerogenes, M. haemolytica and M. varigena isolates which carried the three resistance genes in their chromosomal DNA also yielded Fig. 2 . Comparative analysis of restriction map and structural organisation of (a) the four Sul R Cm R Str R plasmids pMHSCS1 (AJ249249), pPASCS1, pPASCS2 and pPASCS3 and (b) the Sul R Str R plasmids pPMSS1, pPASS1 and pPASS2 identi¢ed in this study. For comparative reasons, the maps of the Sul R Str R plasmids pLS88 from H. ducreyi (L23118), pYFC1 from`P. haemolytica' (M83717), and pIG1 from P. multocida (U57647) were also included. Restriction endonucleases are abbreviated as follows : B (BclI), C (ClaI), D (DraI), E (EcoRI), EV (EcoRV), H (HindIII), Hp (HpaI), P (PstI), Pv (PvuI), S (SacI), Sm (SmaI), X (XbaI), and Xh (XhoI). A distance scale in kb is given below each map. The reading frames for genes involved in plasmid mobilisation (mobA, mobB, mobC), sulfonamide resistance (sulII), streptomycin resistance (strA, strB), and chloramphenicol resistance (catAIII) are shown as arrows. The direction of transcription is indicated by the arrowhead. The pre¢x v indicates truncated genes. this characteristic 2.2-kb amplicon (Table 1) . Furthermore, restriction analysis with SacI and PstI con¢rmed that the amplicons obtained from the chromosomal DNA or from the di¡erent Sul R Cm R Str R plasmids were indistinguishable on the basis of their fragment patterns. This observation strongly suggested that the same cluster comprising three di¡erent resistance genes is present on plasmids of di¡er-ent size and structure but also on the chromosome of unrelated isolates of the genera Pasteurella and Mannheimia. The chromosomal location of this cluster might be the result of the integration of a Sul R Cm R Str R plasmid or part of it.
Small plasmids carrying the genes sulII and strA have previously been described in members of the family Pasteurellaceae [14, 15] . Plasmids such as pYFC1 from`P. haemolytica' [14] or pLS88 from Haemophilus (H.) ducreyi [15] carried these genes in the orientation sulII-strA. This orientation was also seen on the plasmids pPMSS1 and pPASS1 and was con¢rmed by PCR analysis using primers sul1^str2. Two types of amplicons which di¡ered slightly in size were detected (Fig. 1b) . A ca. 1.5-kb amplicon was obtained from plasmid pPMSS1, but also from two unrelated P. aerogenes isolates which carried their sulII and strA genes on the chromosome (Table 1) . Sequence analysis revealed that this amplicon consisted of 770 bp of the sulII gene, 684 bp of the strA gene and a short spacer of 25 bp (Fig. 3a) . A slightly larger amplicon of ca. 1.6 kb (Fig. 1b) was obtained from plasmid pPASS1 and from the chromosomal DNA of a single P. multocida isolate ( Table 1 ). Sequence analysis con¢rmed that the larger size of this amplicon was exclusively due to a 152-bp spacer between sulII and strA (Fig. 3a) .
So far, a single plasmid from P. multocida, pIG1 (U57647), is known to carry the genes sulII and strA in Fig. 3 . a: Comparative analysis of the spacer sequences between the genes sulII and strA of the plasmids pLS88 from H. ducreyi (L23118), pYFC1 from`P. haemolytica' (M83717), and pPASS1 from P. aerogenes and the chromosomal sulII-strA genes of P. aerogenes isolate B328. b: Comparative analysis of the spacer sequences between the genes strA and sulII of the plasmids pIG1 from P. multocida (U57647) and pPASS2 from P. aerogenes. Amino acids are given in one-letter code. Translational start and stop codons are printed bold-faced and the asterisk indicates the translational stop codons.
the orientation strA-sulII. A largely truncated relic of the gene strB (vstrB) is present in the spacer region between the genes strA and sulII of pIG1 (Fig. 2b) . A similar arrangement of these genes was also detected on plasmid pPASS2. A comparison between the spacer regions of pIG1 and pPASS2 is shown in Fig. 3b . The sequence of the pPASS2 segment was obtained from sequencing the ca. 1.65-kb amplicon obtained with primers str1^sul2. The spacer sequence of pPASS2 is 79 bp shorter than that of pIG1, but the vstrB gene of pPASS1 is 20 codons longer than that of pIG1 (Fig. 3b) . It is noteworthy that the pPASS2-carrying P. aerogenes isolate also harbours a chromosomal sulII-catAIII-strA cluster (Table 1) . Another interesting observation was made when checking plasmid pPASCS3 with primers str1^sul2. An amplicon of ca. 1.5 kb was obtained and sequence analysis identi¢ed a truncated strA gene (vstrA) preceding the sulII gene of the sulII-catAIII-strA gene cluster (Fig. 2a) . This vstrA gene comprised only 400 bp of the 5P end of strA including the str1 primer binding site. The smallest amplicon of ca. 1.2 kb obtained with primers str1^sul2 (Fig. 1b) was observed in two M. haemolytica isolates. It consisted of the 5P end of the strA gene which was followed by the sulII upstream sequence of plasmid RSF1010 and the sulII gene. This arrangement might be the result of a recombination between highly homologous 14-bp and 15-bp sequences in the sulII upstream region (5P-TGGCCGTCAGAGGC-3P) and an internal part of the strA gene (5P-TTGCCTGTCA-GAGGC-3P). The two isolates which showed this 1.2-kb str1^sul2-speci¢c amplicon also carried the entire sulII-cat-AIII-strA cluster on the chromosome.
As shown in this study, PCR analysis might represent a valuable tool to determine the presence of the genes sulII, catAIII and strA as well as their linkage. However, it is also noteworthy that PCR analysis does not allow to determine the number of copies of the respective genes or clusters present in a speci¢c isolate. Even if a certain gene or cluster was detected on a plasmid, these PCR assays do not exclude the presence of a second copy of the same gene or the same cluster on the chromosome.
With regard to transcription of the genes detected, it is likely that the clustered resistance genes^sulII-catAIIIstrA, or sulII-strA^are co-transcribed from the promoter upstream from the sulII gene. No speci¢c promoter structures for strA were detected [18] and the catAIII-speci¢c promoter of plasmid R387 [19] is missing in the cluster. When strA and sulII are present in the orientation strAsulII as known for pIG1, the 5P end of a largely truncated sulII gene, vsulII, and its upstream region including the promoter were located further upstream from strA (Fig.  2b) . This vsulII gene contained the binding site of primer sul1. The observation that plasmid pPASS2 did not yield an ampli¢cation product with primers sul1^str2 might suggest that the strA upstream region of pPASS2 di¡ered from the corresponding region of pIG1. The promoter which served for the transcription of strA is unknown.
The sulII promoter as known from plasmid RSF1010 [18] is available in the spacer region downstream from vstrB in plasmids pIG1 and pPASS2.
A single isolate, M. haemolytica U-B386 (Table 1) , obviously carried independent copies of the genes sulII and strA. In repeated attempts no amplicons were seen with the primer pairs sul1^str2 or str1^sul2 while sul1^sul2 and str1^str2 resulted in amplicons characteristic for the genes sulII and strA.
In summary, the results of this study showed that sulII and strA genes are widely distributed among epidemiologically unrelated isolates of the genera Pasteurella and Mannheimia. The observation that they are physically linked in the majority of the cases provides an explanation for the ¢nding that many Pasteurella and Mannheimia isolates are resistant to both drugs. The detection of the same cluster of genes^sulII-catAIII-strA, sulII-strA or strA-sulII^on structurally di¡erent plasmids, but also on the chromosome of Pasteurella and Mannheimia underlines their mobility. Finally, the observation that the gene catAIII is able to integrate into the non-coding spacer between sulII and strA facilitates the persistence of this gene even under conditions where no direct selective pressure due to the use of the respective drug is present. Although Cm was banned in 1994 from use in food-producing animals, 13 (56.5%) of the 23 Pasteurella and Mannheimia isolates of this study were Cm-resistant. The presence of the catAIII gene in a resistance gene cluster o¡ers the possibility of co-selection of this gene during selective pressure imposed by the use of sulfonamides and streptomycin.
